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ZART I

INTODUCTION

A. Historical BaCkgruund

Fire has been used in warfare since ancient times. Relatively
little scientific and engineering effort was directed toward solving the
complex problems involved in the use of fire as a weapon, however, until
the German Air Force attack on England early in World War II. Then the
British attempted to apply to their own offensive air operations the know-
lodgo gained in defense of their homeland against fire attack. Studies
along similar lines were made by the United States, and apparently excel-
lent coordination and exchange of information between these allied nations
existed.

During the early phases of the war in lurope, the principal tar-
gets were industrial plants and other important installations. Therefore,
the main objective was the direct ignition and destruction of the plants
or buildings rather than the spread of fire from building to building. As
the war progressed, large areas and even whole cities became targets for
incendiary bombing, and more attention was given to the study of fire spread
across open space. Even then, however, the immediate need for more
effective incendiary bombs and ignition technique* tended to confine major
fire research activities to the study of the starting and growth of fire
within a structure. The exploding of atomic bombs over Hiroshima and
Nagasaki in the final stages of World War I1 placed increased importance
on the study of fire spread across open space. The Hiroshima and Nagasaki
experience gave some indication of the large number of ignition@ that could
be expected from an atomic bomb explosion over an urban area and the sise
of the fire that might result. Some means for estimating the extent to
which fires will spread from the area initially fired is of great importance
for both offensive and defensive planning purposes in atomic or con-
ventional incendiary attack. It was in recognition of the need for such
means that the research project herein described was undertaken.

B. Research Objective

The specific objective of this project stuay Is to evaluate the
principal parameters affecting the spread of fire in urban areas so that
the vulnerability of such areas to fires resulting from bombings can be
estimated. No attempt is made to evaluate or analyze tactical factors or
the effectiveness of different types of weapons in initiating fires.

C. Sources of Materitl

The sources of material were domestic and foreign books, research
papers, and other documents, and pro- and post-strike aerial photogifaphy
of certain 2uropean and Japanese cities which suffered incendiary or atomic
bomb attacks during World War I1.
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The search for written material resulted in perusal of the
collections of the Library of Congress, including the collections of the
Office of Sciontific Research and Development; the Captured German Documents
Section, Adjutant General's Office, United States Army; the library of the
Assistant for Operations Analysis, DfCS/O, Headquarters USAW; and the library
of the Physical Vulnerability Division, Deputy Director for Targets,
Director of Intelligence, DOS/O, Headquarters USAF. Additional material or
consultative assistance was obtained from the National Fire Protection
Association; the National Board of Fire Underwriters; the Engineering Depart-
ment of the Associated Factory Mutual Fire Insurance Companies; and the
Division of Fire Research, Forest Service, United States Department of
Agriculture.

D. General Considerations Governi the Progres and Spread of Fire
in Urba Areas

Fire spread in urban areas, as considered herein, deals with the
building to building spread of fire, resulting in what are called confla-
grations or area fires. Webster defines a conflagratior as "a raging
destructive fire. ' Within Lire protection circles a conflagration is usi-
ally defined. as a fire which results in the destruction of a considerable
number of buildings under a diversity of ownership, which spreads from
building to building across streets or other open spaces from the area of
origin, and which is of magnitude beyond the control of available fire-
fighting facilities. Either of these definitions may be used to describe
the wartime area fire. The principal and important difference between the
peacetime conflagration and the area fire resulting from bombing attack is
that the peacetime conflagration usually spreads from a single point of
ignition, whereas the wartime area fire results from a large number of
ignitions in a relativoly short period of time. In either case the mechanics
of fire spread from building to building are similar.

The term "fire storm" wag coined in Germany in World War II to
describe a conflagration characterized principall: by a great inrush of air
across the entire perimeter of the burning area,l/ This fire wind, which
was caused by the great volume of hot gases rising from the mass fire area,
tended to restrict outwardly spread of fire but made spread almost certain
inside-the burning area. The most famous fire storm is the great Hamburg
fire, in which the fire-wind velocity possibly exceeded 100 miles per hour
within and immediately adjacent to the burning area. Later on, a few of
the conflagrations which occurred in Japanese cities also were called fire
storms although induced wind velocities of less than 50 or 40 miles per
houxr were experienced. it is concluded that the severity of so-called fire
storms may vary greatly, and that the severity is probably very closely
related to the total fire or fuel load of the burning area. In the absence
of a strong, naturel ground wind, a tire storm is likely to develop in any
large, cuubustible, densely built-up area in which hundreds or thousands of
fires are initiated almost simultaneously. No attempt is made in this study
to analyze separately the conflagrations in which fire storms were reported
to have occurred.

J/ _Esical Damape Division Report (ETO), U. S. Strategic Bombing
Survey, Report No. 134b, April 1947, p. 47.
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The spread of fire is due to heat whic", transferred by one or

more (usually a combination of three) agencies from a burning object to
any combustlble material, raises the teraperature of the exposed material
sufficiently to cause its ignition. Intensive heat falling on exposed
combustible material, e.g., a wooden window frame on the facade of a
building, may cause direct ignition of that material; but, if the heat
falls on an lnc',ombustible substance, e.g., a wall of currugated iron, it
will be conducted through that substance and, if of sufficient intensity,
will ignite combustible material in contact with the opposite face of the
substance. The three methods by which heat is transferred across open space
between buildings are:

(I) Radiation, in which heat is transferred without heating
of the intervening medium. It i by this method that
radiant energy reaches us from the sun.

(2) Convection, in which heat is transferred by the phyei-
cal movement of heated matter, as by a current of hot
air.

(3) Flying firebrands.

Wind. temperature, rain, humidity, terrain, building construction
and contents loading, building heights, and a number of other variables
affect the spread of fire across open space.IJ In order to understand the
eff3ct of these and other variables it is necessary to consider basic physi-
cal, chemical and meteorological facts which govern the progress and spread
of fire. These facts have been treated in detail by Clarence Goldsmith and
the information in the remainder of this section Is based upon his paper.zt

Flas-able liquids never actually burn but are vaporised by heat,
and the vapors mixing, with air are ignited. The burning vapor-air mixture
produces a flame, which is defined as a body of burning gas or vapor. In
a second, form of fire the material itself (charcoal, magnesium, etc.)
oxidizes and produces heat with little or no flame. In general, fires in
combustible material commonly used for or found within buildings, i.e.,
wood, pz.per, and textiles, pass through both stages. During the first stage
of burning, the resins and other readily volatile substances in a solid
combustible material are driven off by heat and burn, leaving alnost pure
carbon in the form of charcoal or coke. During the second stage, flame in
contact with the charcoal results in further combustion with red or white
hot embers, which heat other materials and spread the fire.

Frequently during the firt stage of a fire, the heat is not
sufficient to ignite the games and vapors, so they rise in unburned jets,

/ he Influe.c&e of Weather on the Nxtent of Dfaju~e Caused by
Incendiary Bombs, Joint Target Group, Physical Yulnerability
Section, March 1945.

OClarence Goldsmith, Effects of Meteorological Conditions ap
Terrain Jeatures on the Devoeloment and .Spread of Fires,. ational
Board of Fire Underwriters, 8 November 1944.
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An the fire gains headway, these vapors ignite and burn, generally as long,
colored flames with greatly heated products of combustion extending beyond.
After a continuing fire Is underway, flammable vapors are liberated from
adjacent combustible material both by radiant heAt and by tho convection
currenos of heated air and the gases of combustion. These air and gas
currents become so hot during a large fire that they ignite combustible
materials considerable distances from the main body of fire. This type of
ignition is entirely independent of sparks and flying firebrands and is
termed 'autoignitionu. Wood normally bursts into flame when subjected to a
temperature of 7500 7 under conditions of rapid heating; and, if subjected
to a temperature of 4000 F for 20 to 30 minutes, wood will produce gases
which can be readily ignited by a flame or spark. Other substances have
autoignition temperatures varying over a wide range. This phenomenon is
of prime importance in connection with the spread of peacetime confla-
grations or wartime area fireu. Its effect where wooden houses are con-
corned is obvious, and such structures are easy prey to radiant heat and
hot convection currents. Where masonry structures predominate, it is
likely that there will be overhangs of wood at the eaves and at window
and door openings, which pocket heated air currents and materially speed
up tbh spread of fire by radiation and convection currents.

Meteorological conditions such az wind, inversion, rain, humidity,
and temperature influence the speed with which a fire will spread.

Oxygen is required to support combustion, and a draft is neces-
sary to furnish a continuing supply of oxygen to the material undergoing
combustion. A small draft or low wind velocity is conducive to slow fire
spread, because the supply of oxygen is small. On the other hand, a strong
draft or high wind velocity during the early stages of fire may also retard
itp' spread, because the large volume of air pouring over the combustible
material cools the material to such an extent that the generation of com-
bustible gases is retarded. Yoxperiments conducted by the National Board
of Fire Underwriters indicate that the optimum draft or wind velocity during
the early stages of a fire is approximately two miles per hour, or about
three feet per second.

After a fire is well established, high wind velocities increase
the draft, accelerate the burning rate, and increase the heat output. When
a fire has gained conflagration proportions, the velocity of the wind on
the lee of the fire is materially reduced and frequently reversed in
direction by the pillaring of the heated air and products of combustion.
Sparkn and burning brandv ot considerable 31ze are carried into the air
by this pillar of hot air and, under certain wind conditions, travel
extremely great distances. Althou;h wind velocity on the lee of the fire
is reduced as the cold front slides up the hot front of the pillar, the
direction of pr-gress of an ordinary conflagration is governed by the
direction of the wind, which carries sparks and burning brands at the
higher altitudes. The higher the wind velocity the more the pillar of
heated air is pushed forward from the vertical. This holds heated air
currents closer to the ground and Increases the spread of fire by radiant
heat by bringing the flwae, which is a radiating body, closer to exposed
buildings.

The prevaillrg temperature of the air influences the speed with
which a 17ire spreads, because warm materials require lese heat to bring
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them to their ignition temperature than do cold materials of like nature.

Humidity has a twofold exfect on the development of fire. Pirst,
high humidity in combination w•ith inversion at the time of fire inception
retards the formation of a pillar of heated air currents. The result is a
smoky and relatively slow-burning fire due to lack of draft. Second, the
average prevailing humidity in any section determines the moisture content
of wood and other combustibles within roofed structures. When materials are
moist, combustion is slow because part of the heat is expended in converting
moisture to steam. In the initial stages of a fire, when heat output is
relatively low, the moisture content of a material may well determine
whether the fire continues to burn or not. After a fire has become well
established, the effect of the moisture content of the materials becomes
relatively unimportRnt because sufficient heat is available to dry them.

During rainy periods, the rain and the accompanying prevailing
high humidity reduce the chances of building.oto-building spread of fire,
because, not only are the exteriors of exposed structures wetted down, but
also convection currents of hot air are cooled and flying firebrands and
embers are extinguished by the rain. Althoug~h the rays of radiant heat
are not absorbed to any extent by the water droplets, the rain cools
combustible materials which may be exposed to radiant heat. Rain, unless
it continues over a considerable period, does not materially increase the
humidity of combustible materials within roofed structures and, therefore,
has essentially no effect on the initiation and growth of fire within such

st •uctures.

Terrain has an important influence en the spread of fire. The
effect of wind in transmitting fire is accentuated when blowing uphill
because the convection currents of air are more concentrated and, thus,
hotter an they move up the hillside (see Illustration 1). When winds are
low, the pillaring of hot gases is much more rapid and marked if a fire is
progreuling up a hillside than if progressing on level ground, and the rapid
'i5e of hot gases itcreases the velocity of the draft supplying oxygen to the
fire,

11 U

ILLUST. I TERRAIN EFFECT ON CONVECTION CURRENTS
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Vegetation may influence the spread of fire during certain seasons
of the year. Grass, weeds, and brush present little or no hazard during the
growing season, but at other times they are highly flammable and subject to

quick sweeping fires. Deciduous trees, when in leaf, retard the spread of
fire because of their ability to absorb large quantities of radiant heat
energy without bursting into flame.

It is evident from the preceding brief discusslon of some of the
factors which influence the spread of fire that, even if it could be
developed, a mathematical formula containing all of the variables necessary
to account for wind, moisture content, size and contents loading of build-
Ings, terrain, etc., would be very complex. Also, there would be doubt ae
to the value of such a formula for use in predicting fire apread In a
potential target city for which only limited information on physical
characteristics was available. Therefore, it was decided early in this
project study to evaluate only those factors which could be analyzed by
means of photographk, city maps, etc., and which could be used to estimate,
with acceptable accuracy, the probability of fire spread in urban areas.
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SEARCH AM) SPLCTION OF PHOTOGRAPHY

A thorough review of wartime and postwar research and of numerous
publications pertinent to the subject pointed to the conolusion that build-
ing density, or the proportion of roofed area to ground area, has a definite
bearing on the fire vulnerability of urban areas. However, nothing could be
found indicating that an accuxate appraisal of the effect of building lensi-
ty In urban area fires had ever been attempted.

Since it in possible to make accurate building density readings
and. damage assessments with the aerial photography used by target an=lysts,
it was decided to attempt photographic evaluation of density as it affected
damnae attributable to fire in German, Italian, and Japanese cities which
suffered large area fires during World War II. It was essential, therefore,
to review all cities in this category and to select those (1) for which
there was availabl* both pro- and post-attack photography of good quality
and of adequate scale (a contact scale of 1:10,000 was considered the
minimum scale suitable for study) and (2) in which a fire line attributable
to a single attack could be established. These requirements were establish-
ed as a guide for selecting cities to be studied.

A complete catalogue of World War II Bomb Damage and Strike Re-
ports is kept in the Military Intelligence Photo Interpretatiou (•IPI) files
of the Deputy Director for Collection and Dissem,nl '"on, Directorate of
Intelligence, Headquarters USAW. A thorough seaxih was made of the.e re-
ports compiled on German, Italian, and Japanese cities. Initially, 22
German, 52 Japanese, and 2 Italian cities were indexed for photographic
search. Most of these cities were later eliminated because more than one
attack preceded the photographic reconnaissance and it was impossible to
determine tho fire area resulting from a single attack. KIPI bomb damage
reports for 'hs cities selected for study were copied in whole or in part
and f 4 led ,.ovrusv as references throughout the photographic analysis.

Selection of photography was limited initially to that available
in the United States. It was founi that available photography of German
cities consisted of duplicates of negatives which had been selected from
complete mission files in 3Agland. Much time was unavoidably expended
viewing thousands of negatives of Zuropbar, and Japanese cities to obtain
both pro- and post-attack photography, when photographic prints, photo-
graphic indices, or adequate plots would have made a quicker selection
possible.

After initial review of the German cities, all except eight were
eliminated because available information failed to meet the requirements
mentioned previously. Zven then it was necessary to request additional
photography from the Air Ministry in lgland to obtain complete coverage for
the cities selected (Hamburg, eseon, Darmstadt, Nassel, Cologne, Bremen, and
Barme and Elberfeld, the two tovamships of Wuppertal). Cologne and Bremen
later proved to be unesitable and were discarded.
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At first the two Italian cities of Turin and Genoa were selected
because thm type of construction differed so greatly from that of either
the German or the Japanese cities. Although they were subjeoted to heavy
bombing attacks, large area fires did not result, so these two cities were
discaried.

' Suitable pro-strike photography was not available for most of the
Japanese cities, but four were finally selected for study. including the two
cities which had suffered atomic attacks (HIroshima and Nagasaki) and two
cities whi.ch hmA experienced conventional fire attacks (Kure and Sakai).

On receipt of all photography, photographic indices were prepared.
These indices were of great value in the selection of the prints covering
the cities. After satisfactory photography for a city had been collected,
it was poouiblo to study the effect of density on fire spread in that city.
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P'HOTOGRAa'HI C ANALYSIS3

A. TrEST I- Density Evaluation

First, a city to be studied was divided iftto sections which
appeared to be fairly honiogeneune in building density and pattern of
building layout. Wide rivers and large open areas were excluded, and the
relative sizoo of the individual homogeneous sections, altholizgh varying
greatly, were not consuidered (sete IllustratiV~n 2).

Next, a clear outline of all roof area had to be obtained.
Several procedures were tried, and finally two methods, the stylus and
the shading methods, were selected for use in all cities studied. If
photography was of large scale and there was adequate separation between
buildings, the stylus method was used. In this Method, the building out-
lines were traced and transferred to sheet acetate by use of a stylus
(see Illustration 3). In the other cases, the shading method was used.
In this method. all areas not covered by buildings were shaded to display
the building outlines (see Illurtration 4). The shading method was con-
sidered the more sa~tisfac~tory for outlining roof areas for Japanese cities
where buildings were very conwested.

Then building denuity was calculated by either of two methods,
the square-counting or the area-measuring method. In the square-counting

fC'o
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ILLUST. 2 HOMOGENEOUS SFCrk()N1NG6
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method, a square grid was placedl oval. the photograph, aiid the per cent off
buildling density was computod by dividing the total number of building
squares by the total number of area squaresn (see Illustration 5). This
method was used where detail was poor or building separation was uniformly
small throughout tho area. !a the aret-uteasurink method, the ground area
and the buildling area were actually measured with hn areameter and building
density was calculated by dividing buildin(- amoa by total grvu-n area (see
Illustration 6).

The township of Zlborfeld (part of the city of Wuppertal, Germanry)
was selected as the f~irit uz-ban area to be studl~ed for determining what
relationship mig-ht exist between the degree of building density and the
extent of fire damage. The southern part of the town from about the center
to the outermost built-up areas wasn divided into homogeneous sections, and
the percentage of damage in relation to building density in each section
was calculated with the results shown in Taible 1. These results indicated
no correlation between building density and damage.
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The Unttod. Stateg Strattegic TPoiabing Survy (J.oy JS report ort
atomic bomb otfects In Hiroshima stateq that on@ of thoi wigt, Iiupotn',Itit
fi;t~nrsa iontributinr to fire anread Is the coiopactnesn (hI)Iit-amires or
denaity) of' 'on~ibiitibla bui12tiurs, without which otben or 4m~I fnc-_
tore, such tis high windi, dry weather, and tal.l buildint-.o, woiOL! kiBvo reltt..
ti'rely little effect. This report also presents a graiph (seec O(aph 11) show.-
ing the "Probability of Fire, Spread in Various Amoiuntn of Blt inm'.1
Although the fire vierimetor of the burned area was Potablished by pround
survey, the data for the U.S.S.B.S. graph were obtained by photog-raphic
analysis in the followinU manner:

(3'I Concentric circles of 5000-foot and 70&G)-foot radius were
drawn with the groun& zero (GZ). the paint on the ground directly under the
point at which the bomb detonated, as the center. In gti.oall, the parimeter
of the burned area was inside the circular bandi of 2000-foot width; A nerli-
gible portion fall Inside the 5000-foot circle and only a small portion fell
outside the 7000-foot circle.

(2') Building densities of all built-up areas within the MO00-
foot circular band were determined on pre-attackc photoprapho,

V W- dl r
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SThe Ffot of the Atomic B3omb on RiroahiMt,_Jara 'Vol, 11, Report
No. 92., 1. S. fitr~tegtc Bombkng Survey, May 1947. pp. 16 ond. "") "
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PROBABILIrY OF FIRE SPREAD

(3) The burned and unburned IN
areas of each building density group VARIOUS AMOUNIS OF BUILT-UPNESS
within the 2000-foot circular band were HIROSHIMA
measured on poot-attack photographe. HIROSHIMA

(4) ninally, the percentage of . 1I

area burned in each building density
group within the 2000-foot circular band i5 - i
was computed to obtain what was assumed 30 BLDutINGS
to be the probability of fire spread in I .
that building density, and these were 2 DOMESC I ,
plotted a shown in Graph 1. 20 BUILDINGS

Despit. the negative resu'lts V
of the first building density-dam•g•. i0 -
analysis in this study, it was deemed 5VLiJI
necessary, bec&use of the conclusions
drawn and presented by U..S.)B.., to 00 1 20 30 40 50 6 70 ,0 ...10 0 20 30 40 00 61' 70 80 00 10
try further analyses to determine PROBABILITY OF FIRE SPREAD PER CENT
whether a consiptent relationship
existed between building density an& GRAPH I
the &ajunt of fire damage in German
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